In this paper we study the behavior of a premixed turbulent methane flame in three dimensions using numerical simulation. The simulations are performed using an adaptive time-dependent low Mach number combustion algorithm based on a second-order projection formulation that conserves both species mass and total enthalpy. The species and enthalpy equations are treated using an operator-split approach that incorporates stiff integration techniques for modeling detailed chemical kinetics. The methodology also incorporates a mixture model for differential diffusion. For the simulations presented here, methane chemistry and transport are modeled using the DRM-19 (20-species, 84-reaction) mechanism derived from the GRIMech-1.2 mechanism along with its associated thermodynamics and transport databases. We consider a lean flame with equivalence ratio 0.8 for two different levels of turbulent intensity. For each case we examine the basic structure of the flame including turbulent flame speed and flame surface area. The results indicate that flame wrinkling is the dominant factor leading to the increased turbulent flame speed. Joint probability distributions are computed to establish a correlation between heat release and curvature. We also investigate the effect of turbulent flame interaction on the flame chemistry. We identify specific flame intermediates that are sensitive to turbulence and explore various correlations between these species and local flame curvature. We identify different mechanisms by which turbulence modulates the chemistry of the flame.
Introduction
Turbulence affects the process of combustion through a wide variety of mechanisms. Traditional approaches, based on asymptotic analysis, show that velocityinduced tangential strain at the flame surface can dramatically enhance or suppress combustion activity in the flame zone depending on Lewis number. These effects have been studied using results from steady flat-flame counterflow experiments (see [1] [2] [3] [4] [5] ). As discussed in the review by Peters [6] , this type of information can readily be incorporated into engineering models through the flamelet concept.
In recent years there have been a number of studies aimed at elucidating key mechanisms in premixed turbulent combustion using numerical simulation with detailed kinetics mechanisms. Many of these studies have focused on the interaction of a single vortical structure with a laminar premixed flame. Such studies typically consider either a planar vortex pair (for example, see [7] [8] [9] [10] [11] ), or an axisymmetric toroidal vortex (for example, see [12] [13] [14] [15] [16] [17] [18] [19] ).
In two dimensions, Baum et al. [20] studied turbulent flame interactions for detailed hydrogen chemistry, and Haworth et al. [21] have examined the effect of inhomogeneous reactants for propane-air flames using detailed propane chemistry. More recently Tanahashi et al. [22] have performed direct numerical simulations of turbulent, premixed hydrogen flames in three dimensions with detailed hydrogen chemistry.
In this paper we investigate the behavior of premixed turbulent methane flames in three dimensions using numerical simulations with detailed chemistry. The computational setting is similar to the configuration used by Trouve and Poinsot [23] and by Zhang and Rutland [24] for single step chemistry and by Tanahashi et al. [22] for comprehensive hydrogen chemistry. We begin with a flat flame initialized using the laminar flame solution. A field of isoptropic decaying turbulence is superimposed on the incoming fuel stream; the flame deflects in response to the turbulent structures. We present two scenarios, representing different levels of turbulent intensity in the fuel stream. Analysis includes computation of an effective turbulent flame speed, flame surface area, and scatter plots to characterize the deviation of the flame from the laminar flame solution.
Numerical Model
Our computational approach uses a hierarchical adaptive mesh refinement (AMR) algorithm based on an approximate projection formulation for incompressible flow by Almgren et al. [25] , subsequently extended to low Mach number combustion by Pember et al. [26] . The methodology was extended to model detailed kinetics and differential diffusion by Day and Bell [27] . The reader is referred to [27] for details of the model and its numerical implementation.
We consider a gaseous mixture, ignoring Soret and Dufour effects, body forces and radiative heat transfer, and assume a mixture model for species diffusion [28, 29] . The single-grid scheme that forms the basis for our adaptive algorithm combines a symmetric operator-split coupling of chemistry and diffusion processes with a projection method for incorporating the velocity divergence constraint arising from the low Mach number formulation. First, conservation equations are advanced in time for momentum, species density and enthalpy using a second-order Godunov scheme for advective terms and a time-centered Crank-Nicolson discretization for diffusion. Because the transport coefficients depend on both temperature and composition, we adopt a sequential, predictor-corrector scheme to guarantee second-order treatment of nonlinear diffusion effects. The chemistry is advanced using time-implicit backward differentiation methods in VODE [30] . The implicit diffusion and chemistry components of the algorithm are time-split symmetrically to ensure that the composite algorithm remains second-order. The velocity field resulting from the advection/ diffusion/chemistry step is then decomposed using a density-weighted approximate projection. The component satisfying the elliptic constraint updates the velocity field, and the remainder updates the perturbational pressure.
The extension of the above algorithm to AMR is based on a hierarchical refinement strategy using a system of overlaid grids with successively finer spacing in time and space. Fine grids are formed by uniformly dividing coarse cells in all three directions. Increasingly finer levels, each consisting of a union of rectangular grid patches, overlay coarser grid levels until the solution is adequately resolved. The fine grids are advanced in a subcycled fashion using a CFL-based time step appropriate to that level. Sychronization operations ensure appropriate coupling and conservation across refinement levels. An error estimation procedure identifies where refinement is needed and grid generation procedures dynamically create or remove rectangular fine grid patches as requirements change. The complete adaptive algorithm is secondorder accurate in space and time, and discretely conserves species mass and enthalpy. The behavior of the method was thoroughly characterized in [27] . Implementation of this methodology for distributed memory parallel processors is discussed by Bell, et al. [31] .
Results
Simulations are performed in a computational domain that measures 8×8×16mm. We use DRM-19 [32] (20-species, 84-reaction) for the chemistry mechanism, thermodynamics and transport databases. The flame is initialized with a steady laminer flat methane flame solution at equivalence ratio φ = 0.8. The laminar flame thickness, δ L = (T b − T u )/max(|∇T |) is 53.3µm, and laminar flame speed, S L = 0.25 m/s. Boundary conditions for the velocity fields on the 8 × 8mm inflow face are given as u( x, t) = 1.5 S Lẑ + u ( x, t). The turbulent perturbations u ( x, t) are taken from an auxiliary calculation, and represent decaying isotropic turbulence in the fuel stream. The fluctuation field is generated with random phase in an 8×8×8mm triply-periodic box, and then allowed to evolve until realistic phases are established. The resulting field translates through the inflow boundary with a speed of 1.5S L during the simulation-a value higher than S L is used to keep the flame within the domain throughout the simulation. On initial startup, the perturbed velocity field is extended into the domain from the inflow boundary, and is damped to zero 1mm from the flame surface using a hyperbolic tangent profile.
The simulations are computed on a three-level adaptive grid hierarchy using a constant factor-of-two refinement between levels; the effective resolution is ∆x eff = 62.5µm. All refinement levels but the coarsest are localized dynamically to the region between the inflow boundary and the flame to ensure adequate resolution of both the flame and the incoming velocity fluctuations. To verify appropriate gridindependence, the analysis to follow was repeated using data from simulations a factor of two finer (∆x eff = 31.25µm); no substantive variations were observed. Typical simulations for ∆x eff = 62.5µm required approximately 750 hours wall clock time using 64-96 processors of an IBM SP3.
For the domain considered here, the Reynolds number, Re t = u t /ν ∼ 100, based on the unburned fuel and turbulent fluctuations at the inflow boundary. The turbulent fluctuations decay as they propagate toward the flame. Using two different initial altitudes for the flame we investigated two different turbulent intensities within the same problem configuration. In the first case, the flame is initialized at z=8mm (based on the peak value of heat release), and the flame encounters an upstream turbulence intensity of approximately .45m/s (≈ 1.7S L ). In the second case, the flame is initialized at z=4mm, where the upstream turbulence intensity is approximately 1.1m/s (≈ 4.3S L ). We will refer to these cases as the weak and strong cases, respectively.
In Fig. 1 , we show volume rendered images of the heat release that represent the overall flame surface. As expected, stronger turbulence leads to increased wrinkling of the flame. To quantify this notion, we observe that the peak heat release for this flame correlates with a temperature of approximately 1500K. We then approximate the flame surface area by the area of the T = 1500K isosurface. For the weak and strong cases we obtain 1.23A L and 1.64A L , respectively, where A L is the flame surface area for the corresponding flat laminar flame.
We can compute the net consumption rate of CH 4 integrated over the computational domain. The fuel consumption rate, suitably scaled, gives the turbulent flame speed. For the weak and strong cases, we obtain S T = 1.35 S L and S T = 1.85 S L , respectively. Comparing these speeds to the increases in flame area we see that the dominant factor in enhancing the flame speed is the increase in flame surface area associated with the wrinkling of the flame. However, since the flame speed increases faster than the surface area, it is clear that the turbulence is actually modifying the flame chemistry. The observed trend is consistent with earlier 2D studies [33] based on single-step Arrhenius chemistry. The present fuel-lean cases correspond to Le < 1, where Le is based on the deficient reactant. There is, however, substantial variation in flame intensity across the flame surface. To quantify this variation, we compute the joint probability distribution function of heat release and mean curvature, κ, of the flame surface with the convention that positive curvature means the flame is concave toward the burned products, κ = −∇ ·n, wheren, the flame normal, is taken along the temperature gradient (the reader is cautioned that some authors use the alternate sign convention for κ). In Fig. 2 we show the joint PDF's for the weak and strong turbulence cases. The two PDF's are quite similar, with the stronger turbulence showing a greater variation in curvature. Both images show a strong correlation between heat release and curvature. Tanahasi et al. [22] found a similar result for hydrogen flames.
As a first step toward analyzing the local effect of turbulence on chemistry, we compute scatter plots of species mole fraction versus temperature and compare the result to the laminar flame solution parameterized by temperature. For the combination of turbulent intensity, integral scale and equivalence ratio considered here, most of the species mole fractions remain tightly clustered around the laminar flame solution. Fig. 3a , which shows the mole fraction of HCO versus T , is typical of most other species. In Fig. 3b , we show a scatter plot of the HCO mole fraction versus total heat release, Q. The correlation between peak heat release and HCO, in both the laminar and turbulent cases, indicates that HCO is a good flame marker for these flames as was oberved by Najm et al. [8] for vortex flame interaction.
There are four species, HO 2 , H 2 , CH 3 O and C 2 H 4 , that show substantial variation in mole fraction compared to the laminar flame solution. Scatter plots for these four species are presented in Fig. 4 . For each species the variability increases with increasing turbulent intensity. We note also that the variability arises primarily on the cold side of the flame. Above 1500K the mole fractions of these species cluster around the laminar flame solution.
In Fig. 5 we show typical vertical slices of the CH 3 O and C 2 H 4 mole fractions from the strong turbulence case. For strong negative curvature we see an abundance of CH 3 O and an absence of C 2 H 4 with the opposite occuring in regions of strong negative curvature. This point is further illustrated by the joint PDF's of the CH 3 O and C 2 H 4 mole fractions versus κ shown in Fig. 6 . CH 3 O, which is enhanced in regions of negative curvature, is created primarily from reaction of CH 3 and HO 2 . Where the curvature is negative, we observe enhanced CH 3 and HO 2 concentrations, as well as elevated temperatures due to decreased thermal gradients. These factors lead to increases in the CH 3 O production by as much as a factor of three. On the other hand, the velocity normal to the flame is enhanced through this region by as much as 50% from the laminar case, decreasing the residence time of the CH 3 O molecules. Competition between these effects leads to an overal factor-of-two increase in CH 3 O concentration. Where the curvature is positive, production of CH 3 O is nearly eliminated, and the corresponding mole fraction is significantly decreased.
The mechanism for enhanced C 2 H 4 in regions of positive curvature is quite different. In this case, the positive curvature tends to broaden the production zone slightly towards the upstream direction, but to otherwise have very little effect on the chemical rates for C 2 H 4 . However, the fluid velocity normal to the flame surface is reduced in the positively-curved regions to as little as 25% of its flat-flame value. Consequently, for equivalent production rates, the longer residence times resulting from the lower velocity tends to enhance the integrated production of C 2 H 4 molecules over the flat flame values. In regions of negative curvature, chemical production rates for C 2 H 4 are similarly unaffected. Since the velocity increases in regions of negative curvature are of the order of 50%, a less dramatic, oppositely signed effect is observed. The behavior of CH 3 O and C 2 H 4 illustrate two distinct mechanisms by which turbulence modulates detailed flame chemistry.
Conclusions
In this paper we have used numerical simulations with detailed chemistry to study the behavior of turbulent, premixed methane combustion in three space dimensions. Two cases, corresponding to varying levels of turbulent intensity, show increased flame area and enhancements of the laminar flame speed by 35% and 85%. The flame speed increases somewhat faster than flame surface area, consistent with earlier single-step 2D studies with Le < 1. The basic flame structure exhibits a correlation between heat release and curvature. We also show similar correlations between some of the flame intermediaries and curvature illustrating the local variability of the chemistry. A more detailed analysis reveals two distinct scenarios leading to curvature dependence. Production of some of the chemical species correlates strongly with flame curvature, as does the local velocity normal to the flame. These two effects shift the balance that determines the prevailing species concentrations.
Future work will include include a broader range of turbulence scales, more detailed methane mechanisms, and a range of configurations relevant to lean premixed combustion experiments, such as turbulent jets and swirl burners. 
